In this paper we consider the hypothesis that neutrinos are fermionic tachyons with helicity . We propose an effective model of interactions of these neutrinos and analyze dominant effects under the above hypothesis: the three-body neutrino decay, the radiative decay and briefly discuss β-decay with tachyonic antineutrino. We calculate the corresponding amplitudes and the mean life time for decays, as well as the differential decay width.
Introduction
In the last two decades one of the most interesting problems in particle physics is the issue of neutrino masses [1] . The flavor oscillations [2, 3, 4] are the indirect evidence for non-zero neutrino masses. On the other hand, the experiments devoted to direct measurement of the neutrino mass permanently yield the negative mass squared for the electron neutrino [5, 6] and the muon neutrino [7] (for a review, see also [8] ). In particular, the most sensitive neutrino mass measurement involving electron antineutrino, is based on fitting the shape of beta spectrum. An as yet not understood event excess near the spectrum endpoint can be explained [9] on the ground of the hypothesis of the tachyonic neutrinos [10] . The last Mainz results do not give any hint for a positive neutrino mass squared and also no hint for any tachyonic mass. However, as long as we do not see a signal for a non-zero neutrino mass, a tachyonic neutrino mass can not be excluded by Mainz experiment data [11, 6] . Moreover, one of the aims of the KATRIN experiment (under preparation) is the search for physics beyond the Standard Model, among other things for tachyonic neutrinos [12, 13] . However, if the negative antineutrino mass squared in tritium beta decay is genuine, then it is hard to understand this phenomenon using conventional particle physics ideas. Note also that the oscillation experiments cannot decide between the positive and negative neutrino mass squared because the oscillation frequency is the same in the both cases (see Appendix E).
In this paper we continue investigation of an unconventional possibility that neutrinos are fermionic tachyons. This hypothesis was proposed firstly by Chodos et al. [10] . In the paper by Rembieliński [14] a causal classical and quantum theory of tachyons was elaborated and next applied by Ciborowski and Rembieliński to explanation of the results of tritium β-decay experiments [9, 15] . In the paper [9] physical consequences of the three body decay ν → ν + ν +ν was also discussed. This paper is devoted to systematical calculations of decay rates for the two processes with participation of neutrinos: the radiative decay ν → ν + γ and the three body decay ν → ν + ν +ν , both conserving the lepton flavor; we briefly discuss also the β-decay. Notice, that the first two reactions are kinematically admissible for tachyonic neutrinos only. It is remarkable that, as was stressed in [9] , the emission by neutrino ν a ν ν pair can be an additional, qualitatively similar process to flavor oscillations. Moreover, Ehrlich [16, 17, 18] showed that the hypothesis that the electron neutrino is a tachyon is in a good agreement with the observed cosmic ray spectrum. As we will see (Sec. 5), the calculated mean times of life for the aforementioned decays take reasonable values in the regions of experimentally available energies. Notice however that applicability of these results to the description of the time evolution of a neutrino flux is restricted at this level because both of the decays form cascades. Therefore they demand further investigation as nontrivial stochastic processes leading to different than Geiger-Nutall decay law. Moreover, the mostly hopefull program is to involve both oscillations and three body decay.
Preliminaries
In this chapter we give a brief presentation of the causal theory of tachyons proposed in the paper [14] .
It is a common opinion that existence of space-like particles is in contradiction with special relativity. This is because of the Einstein causality violation and consequently because of a number of very serious difficulties like causal paradoxes, inconsistent kinematics with impossibility of a covariant formulation of the Cauchy problem, unbounded from below energy spectrum and many others. Even more problems arise on the quantum level, like the problems with construction of covariant asymptotic spaces of states, vacuum instability, etc.
However, as was shown in the paper [14] it is possible to agree special relativity with the tachyon concept. The main idea is based on the well known fact that the definition of the time coordinate depends on the synchronization scheme [19, 20, 21, 22] which, in turn, is a convention related to the assumed one-way light velocity (only the average of the light velocity over closed paths has an operational meaning; in special relativity this average is frame independent). Taking into account this freedom, it is possible to realize Poincaré group transformations in such a way that the constant-time hyperplane is a covariant notion [14] . In that synchronization (named absolute synchronization scheme) it is possible to overcome all the difficulties which appear in the standard approach.
Let us stress main features of this nonstandard scheme. Firstly, it is fully equivalent to the standard formulation of the special relativity if we restrict ourselves to the timelike and lightlike trajectories, i.e., if we exclude tachyons. If we admit space-like trajectories (tachyons are included) then one inertial frame is distinguished as a preferred frame. Thus the relativity principle is broken, however the Poincaré symmetry is still preserved in that case. The proper framework to this construction is the bundle of Lorentzian frames [23] . For this reason the transformation law for coordinates involves velocity of distinguished frame. The preferred frame can be locally identified with the comoving frame in the expanding universe (cosmic background radiation frame), i.e., the reference frame of the privileged observers to whom the universe appears isotropic [24] . In Ref. [25] it was shown that the preferred frame can be eventually identified by means of the Einstein-Podolsky-Rosen correlation experiment. Now, the velocity of the Solar System deduced from the dipole anisotropy of the background radiation is about 350 km/sec [26, 27] , so it is almost at rest relatively to the preferred frame. Therefore, with a good approximation, we can perform calculations in the preferred frame.
To be concrete, the interrelation with coordinates in the Einstein synchronization (x µ E ) is given by
Here u µ is the four-velocity of the preferred frame with respect to the observer. However the corresponding interrelations between velocities v E and v obtained from (1) are singular for superluminal velocities. Furthermore, the Lorentz group transformation law for x E (x E = Λx E ) implies by means of (1) the corresponding transformation law for x [23] . Now, on the quantum level, the corresponding quantum mechanics and quantum field theory can be formulated with help of the bundle of Hilbert spaces associated with the aforementioned bundle of frames [23] . The Fock construction can be done in this framework and unitary orbits can be classified [14] . For usual particles they coincide with the standard unitary representations of the Poincaré group. For tachyons they are induced from SO(2) group (instead of SO(2, 1)) and labelled by the helicity. The following two facts, true only in absolute synchronization, are extremely important for quantization of tachyons:
• invariance of the sign of the time component of the space-like four-momentum, i.e., (k 0 ) = inv, which follows from the transformation law (see [14, 23] );
• existence of a covariant lower energy bound; in terms of the contravariant space-like four-momentum k µ (k 2 < 0) this lower bound is exactly zero, i.e., k 0 ≥ 0 as in the timelike and lightlike case. This is the reason why an invariant Fock construction with a stable vacuum can be done in this case on the quantum level [14] . Notice that the measure
is Poincaré covariant in the absolute synchronization scheme.
which can be derived from the Lagrangian density
Dirac equation (7) implies the Klein-Gordon equation
related to the space-like dispersion relation k 2 = −κ 2 . The equation (7) is analogous to the one of the Chodos et al. [10] Dirac-like equation for tachyonic fermion. However, contrary to the standard approach, it can be consistently quantized in the absolute synchronization scheme if it is supplemented by the covariant helicity condition [14] 
withλ given byλ
is the Pauli-Lubanski four-vector. This condition is quite analogous to the condition for the left (right) bispinor in the Weyl's theory of the massless field. It implies that particles described by ψ have helicity −λ, while antiparticles have helicity λ. For the obvious reason in the following we will concentrate on the case λ = 1 2 . Notice that the pair of equations (7) and (10) is not invariant under the P or C inversions separately. Now, in the bispinor realization the helicity operatorλ has the following explicit form [14] 
where the integral operator (iu∂) 2 + − 1 2 in the coordinate representation is given by the well behaving distribution
The free field ψ(x, u) has the following Fourier decomposition
The creation and annihilation operators of a tachyonic fermion (a) with helicity − 
Here ω k = k 0 > 0 is the positive root of the dispersion relation
The amplitudes w and v satisfy
Furthermore, the projectors ww and vv read
The above amplitudes fulfill the covariant normalization conditions
where the superscript π denotes the space inversion of k.
It is easy to see that in the massless limit κ → 0 Eqs. (16) give the Weyl equations
Now, the normalization conditions (18) together with the canonical commutation relations (15) guarantee the proper work of the canonical formalism. In particular, starting from the Lagrangian density (8) we can derive the translation generators
Thus we have defined a consistent Poincaré covariant free field theory for a fermionic tachyon with helicity − 1 2 ; the Weyl's theory for a left spinor is obtained as the κ → 0 limit. For more details of this construction see [14] .
Dynamics
To formulate a dynamical model with tachyonic neutrino we can use, on the tree level, the phenomenological form of the weak interaction Lagrangian, namely the current-current Fermi Lagrangian. The only condition we take into account is that the massless limit κ → 0 of our model should coincide with the standard four-fermion interaction. This leads to three natural possibilities for the part of the lepton charged current containing tachyonic neutrino:
and similarly for the neutral currents.
Recall that ν(x) satisfies the helicity condition (10) with λ = 1 2 so in the
However, if we consider higher order processes (like ν → νγ) it is necessary to have a more sophisticated model like the SalamWeinberg one. Let us notice firstly, that the Lagrangian for the massless Dirac field, under assumption of CP conservation, can be written in two different formsψiγ∂ψ orψγ 5 iγ∂ψ. Both forms lead to the same massless Dirac equation iγ∂ψ = 0 because of the invertibility of γ 5 matrix. Therefore generation of a mass via Yukawa coupling with Goldstone fields can lead to massive fermions or fermionic tachyons, because of creation in the Lagrangian of Diracψ (iγ∂ − m) ψ orψ γ 5 iγ∂ − m ψ term respectively. Thus, because we have decided to treat neutrinos as tachyons, we start with the following free massless Lagrangian for a fixed lepton generation (ν, )
After splitting ν and into left-handed and right-handed pairs ν L,R , L,R , it is easy to see that the (compact) invariance group of the Lagrangian L 0 is exactly the SU (2)×U (1) L ×U (1) R group! Therefore, taking into account the electric charges of ν and , we conclude that the symmetry group of L 0 is U (1) lepton number ×(U (1) Y × SU (2) I ) and the left-handed fields ν L and L must form the weak dublet while the right-handed ν R and R are singlets of the weak group. Therefore L 0 leads uniquely to the standard Salam-Weinberg choice of the weak symmetry group and their realization on the lepton fields (recall also that in the
. Now, under the standard choice of the Goldstone fields (as the U (1) Y × SU (2) I dublet) as well as the Higgs potential and Yukawa coupling (for neutrinos like for neutral quarks) and after gauging the weak group we obtain the final Lagrangian
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The part of L in the parentheses has the standard form (we choose convention as in [29] ) while the L fermions+int. reads
Here
± and G 0 -Goldstone bosons and H-Higgs field. The corresponding Feynman rules are listed in the Appendix A.
The following remarks are in order. First of all, the derivation of the Lagrangian (21) with L fermions+int. given by (22) is rather heuristic one; the point is that the right component of ν, ν R goes to zero with κ → 0. This means that the mass generation mechanism for tachyons is not well defined by Yukawa coupling if we start with the massless Lagrangian. Intuitively, it seems that the mechanism of mass generation for the tachyonic neutrinos should be caused rather by the interaction with gravitational field. This is related to our natural assumption about coincidence of the tachyon preferred frame with the comoving frame. The next problem is the helicity condition (10) which is necessary for consistency of the free tachyon theory. Of course it can be gauged by introduction of the covariant derivatives and causes additional relations between multipoint Green functions of the theory. In such a case perturbation consistency and renormalizability of this model should be proved. We shift these unanswered questions to further investigations and here we will treat the Lagrangian (21) (21) and (22) (Appendix A), lead to the effective chiral coupling in the Fermi Lagrangian. Therefore, in the following all the calculations on the tree level will be done for this coupling. However, we will comment results obtained with the help of the helicity and γ 5 couplings too. Tachyonic neutrino is in general unstable even if the leptonic flavors are conserved; namely decays of the form tachyon → tachyon + sth. are kinematically admissible. If we take into account the experimental upper bounds on the neutrinos masses [8] we can select two dominant processes of this type, namely: three body decay ν → ν + ν +ν and radiative decay ν → ν + γ.
Neutrino decay ν → ν + ν +ν
This process can be analyzed on the tree level. The corresponding amplitude is the sum of the graphs given in Fig. 1 and leads to the effective four-fermion vertex in Fig. 2 . Consequently
where the momenta k, p, l and r correspond to the incoming neutrino ν and to the outgoing neutrinos ν , ν andν respectively. The masses of ν and ν are denoted by κ and µ respectively. In our case the Feynman rules (Appendix A) lead to the chiral coupling we obtain in the preferred frame
where from dispersion relations
The general forms of the square of the amplitude for all couplings are given in the Appendix B. The qualitative behavior of the decay rate
is rather similar for all three couplings. Here we present in the Fig. 3 the numerical calculations for the mean life time in the case of chirality coupling (according to our gauge model) done in the preferred frame (u = (1, 0) ). For the helicity coupling the corresponding results were given in [9] . The mean life time of the tachyonic neutrino in this process is determined by its energy E = k 0 , as measured in the preferred frame, and masses of all three neutrino species. As we see from the Fig. 3 the life time τ e corresponding to the partial width Γ e , is a decreasing function of the initial energy and mass of the neutrino ν . Note that the dashed and dotted lines in the Fig. 3 correspond to the upper bounds on the ν µ and ν τ masses [30] . Since the ∆(m 2 ) for the diffrent neutrino flavors does not exceed a few eV, the mean life times τ ee , τ eµ and τ eτ are almost equal and their dependence on neutrino energy is given by the most upper (solid) line in the Fig. 3 .
It is important to stress that:
• The decay ν → ν + ν +ν has the character of an emission by ν a neutrino-antineutrino pair ν ν ; as a consequence the resulting neutrino flux contains neutrinos and antineutrinos of all possible flavors. Therefore this process can simulate the neutrino flavor oscillations. Notice that for massive and massless neutrinos such decays are kinematically forbidden.
• The above process is repeated and forms a cascade. Therefore, as was mentioned in the Introduction, it demands more sophisticated treatment as a nontrivial stochastic process. However after the neutrino energy degradation it is slowing down with subsequent decays; notice that, for low energies in the preferred frame, neutrinos are almost stable (Fig. 3) .
Finally, let us analyse the influence of the neutrino three body decay on the neutrino flux. The effect, which we predict below, can be complementary effect on the intensity of solar neutrino flux together with neutrino oscillations and the MSW mechanism [31, 32, 33] .
As it is evident from the Fig. 3 , in the case of electron neutrino (κ e ∼ 3 eV) decay (for energies 1-10 MeV and time taken as Sun-Earth distance/c ∼ 500 sec) to obtain the significant effect, the mass of the resulting ν should of the order of 1 MeV. On the other hand the neutrino oscillation experiments suggest that the masses of at least of two neutrino flavors must lie very near each other. Therefore let us consider the contribution of the one ν e → ν e + ν h +ν h decay only, where ν h denotes a possible heavy neutrino. Our aim is to analyze the cascade process
taking into account that probabilities of the possible subsequent decays ν h → ν h + ν e +ν e andν h →ν h + ν e +ν e are not significant in the investigated energy regime. This greatly simplifies treatment of this stochastic process leading to the following evolution equation for the electron neutrino flux:
Here Φ t (E) denotes the electron neutrino flux of energy E after time t, Γ E is the total decay rate for the initial neutrino of energy E and dΓ E /dE is the differential decay rate of the decaying neutrino ν e with energy E into outgoing electron neutrino with energy E. The equation (26) has the solution as a formal power series
with
6 Radiative decay of the tachyonic neutrino ν → ν + γ This process can play an important role in cosmology; in particular, as was noticed in [34, 35, 36] , it can affect the cosmic background radiation in the submilimeter region, leading to its distortion.
Let us denote the four-momenta of the initial and final neutrinos by k and p respectively, their masses by κ, while photon has the four-momentum q = k − p. The kinematics of this process is very simple; namely k 2 = −κ 2 , p 2 = −κ 2 and for the photon on the mass
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shell q 2 = (k − p) 2 = 0 so kp = −κ 2 , qk = qp = 0. Let us consider this kinematics in the preferred frame u = (1, 0). It is immediate to see that cos θ = k · q/(| k|| q|) = k 0 (k 0 ) 2 + κ 2 −1/2 . Therefore the outgoing photons are emitted on the cone determined by the angle 2θ. Notice that for k 0 κ, cos θ ≈ 1 so the process is approximately collinear in that case.
The amplitude has the form
where e λ µ is the polarization vector for the photon with helicity λ. The Ω µ (p, k) should satisfy transversality and neutrality conditions. The first one follows from the electromagnetic current conservation and has the form
while neutrality condition means that the neutrino charge is zero and consequently the corresponding matrix element vanishes:
By means of the equations of motion for the spinorsv and v (16c), the most general form of the Ω µ (p, k) reads
where the form factors F and G are in general functions of q 2 . Notice that the form factors G iA control CP non-invariant terms in the Eq. (31) . Now, taking into account the transversality (29) and neutrality (30) we obtain the following constraints
Therefore, because of the analyticity of G iV and G iA in the point q 2 = 0, we obtain
where we denoted
and the equations of motion (16c) was used again. Therefore the square of the amplitude M λ , after summation over final polarizations of the photon (Appendix D), takes the form:
where we have used the form of the polarization operator (17b).
In the framework of our SU (2) × U (1) gauge model, the diagrams contributing to the process ν → ν + γ, to one-loop order, are shown in the Fig. 4 . Now, the transversality and neutrality conditions (29) and (30) can be treated as renormalization conditions. By means of the Feynman rules listed in the Appendix A we can easily calculate the form factors G A and G V :
as we expected because of the CP invariance of this model, while
where (see Appendix C), under the experimental conditions for lepton masses m m W and for corresponding neutrino masses κ m W , Figure 4 : Contributions to the radiative decay ν → ν +γ to one-loop order Thus in this approximation I c + I d can be omitted and the final form of G V reads
Consequently
and
Notice, that (38) implies that the magnetic moment µ ν of the neutrino ν is given by
where µ B is the Bohr magneton and m e the electron mass. (N.B. the value of µ ν is of the same form as for the massive neutrino; the difference lies in the numerical factor only [37] ). To calculate the decay rate we integrate |M | 2 over the phase space:
We shall do it in the preferred frame, that is we put u = (1, 0). Inserting |M | 2 given by (39), we obtain the energy spectrum of the emitted photons as:
Finally, the total decay rate reads: µ e < 4.27 × 10 −19 µ B < 1.0 × 10 −10 µ B µ µ < 2.70 × 10 −14 µ B < 6.8 × 10 −10 µ B µ τ < 2.59 × 10 −12 µ B < 3.9 × 10 −7 µ B Note that the experimental upper bounds on the neutrino masses applied to the magnetic moment formula (40) give results which are in agreement with the experimental data [8] (cf. Table 1) . Now, for illustration we present the mean life time τ = /Γ for this process as a function of the energy k 0 in Fig. 5 . From (43) it is easy to see that for k 0 = ξκ, with ξ ≈ 2.6899 the mean time of life has a minimum. The minimal value τ min , as the function of the mass κ, reads
and is presented in Fig. 6 . Finally, in Fig. 7 differential rate dΓ/dq 0 as the function of the photon energy q 0 and the initial energy k 0 is given.
β-decay with tachyonic antineutrino
The tritium β-decay with tachyonic antineutrino was discussed in the papers by Ciborowski and Rembieliński [9, 15] . Here for a completeness we present only a brief view on results obtained in [15] . As in the standard case, the two graphs shown in the Fig. 8 contribute to this process on the tree level, where dominant is the first one. Effectively, for energies much less than m W , it reduces to the four-fermion interaction with the amplitude square given by chiral coupling where the axial coupling g A ≈ 1.25; in the case of helicity coupling, factors (1 − γ 5 )/2 are replaced by 1. The explicit calculation of the electron spectrum for chiral and helicity couplings as well as comparision with the exeprimental data are given in [15] . Let us stress only that the mysterious bump near the end point is reproduced on the theoretical plot; also the second anomaly problem in the tritium β-decay can be solved with help of the tachyonic hypothesis [15] .
Conclusions
In this paper we have analyzed the introductory results related to tachyonic neutrino hypothesis. We do not pretend to explain all the problems with neutrino physics by means of this hypothesis. However, from the behaviour of the calculated decay rates for three dominant processes: emission of a νν pair by a neutrino, radiative decay ν → νγ and β-decay, it follows that this possibility cannot be ruled out of considerations. Moreover such a hypothesis provides us with an additional mechanism simulating flavor oscillations.
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A Vertices in our gauge model
The vertices necessary for calculation of amplitudes for three processes considered here in our gauge model are shown in the Table 2. The rest of the Feynman rules in the convention adopted in this paper is given, e.g., in the Ref. [29] .
B Amplitudes for neutrino decay ν → ν ν ν for all couplings
The square of the amplitude for the chiral coupling is 
Squares of the amplitudes for helicity (s = 0) and
where
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C Amplitudes of processes contributing to the radiative decay
Amplitudes of processes contributing to the radiative decay described by diagrams in the Fig. 4 (a)-(f) read
where i = a, b, c, d, e, f and:
D Sum over photon polarization vectors
Sum over photon polarization vectors (on the mass shell q 2 = 0) in the absolute synchronization reads:
Notice, that q µ Π µν = u µ Π µν = 0, so e µ λ , q µ and u µ form an pseudoorthogonal basis.
E Oscillations of tachyonics vs. massive neutrinos
Here we compare the oscillation effects for the massive and tachyonic neutrinos. Calculations will be performed in the preferred frame, in which the metric tensor has the standard Minkowskian form. 
The | p denotes the vector from the representation space of the Poincaré group, corresponding to the momentum p.
In the basis (51) the free Hamiltonian describing neutrinos can be written as
where U is a 3 × 3 unitary mixing matrix, acting in each subspace of the Hilbert space determined by momentum p, and the Hamiltonian H 0 in the mass eigenstates basis is of the form
Here m 2 j (j = 1, 2, 3) are the absolute values of the squares of neutrino four-momenta and the choice of the signs corresponds to the massive (+) and tachyonic (−) case; moreover | p| > max j m j in the tachyonic case.
Following the standard procedure, we consider the time evolution of the neutrino state. Assume that the initial state |ν i (i = e, µ, τ ) is an eigenstate of the fractional lepton number operator. Thus, after time t the probability that we get the neutrino ν k is given by
Now, taking (54) in the limit | p| m j , we can expand the matrix elements of the Hamiltonian as follows
Using (55) we obtain from (54) P νi→ν k (t) = 
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u * 1k u 1i u 2k u * 2i = r 3 (i, k)e iθ3(i,k) , 
we can write (56) in the following form:
where, as before, the signs + and − correspond to massive and tachyonic neutrinos, respectively. In particular, if k = i then θ j (i, i) = 0 (j = 1, 2, 3) and
so this probability is the same for massive and tachyonic neutrinos. We have shown that the only difference between the neutrino oscillations in the massive and tachyonic case lies in the initial phase of oscillations θ j (i, k). Moreover, the initial phases for tachyonic case are obtained by taking the complex conjugations of the elements of mixing matrix for the massive case (see (57a)-(57c)). In the oscillation experiments we cannot decide whether we should take the mixing matrix U or its complex conjugation U * without taking into account the nature of the neutrinos. More precisely, we can explain the oscillations for massive or tachyonic neutrinos simply by the different choice of the mixing matrix (U or U * ). Therefore, the experimental evidence of neutrino oscillations does not distinguish between massive and tachyonic neutrinos.
